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We report high-field magnetotransport measurements on β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]Y ,
where M = Ga, Cr and Fe and Y = C5H5N. We observe similar Shubnikov-de Haas oscillations
in all compounds, attributable to four quasi-two-dimensional Fermi-surface pockets, the largest
of which corresponds to a cross-sectional area ≈ 8.5% of the Brillouin zone. The cross-sectional
areas of the pockets are in agreement with the expectations for a compensated semimetal, and the
corresponding effective masses are ∼ me, rather small compared to those of other BEDT-TTF salts.
Apart from the case of the smallest Fermi-surface pocket, varying the M ion seems to have little
effect on the overall Fermi-surface topology or on the effective masses. Despite the fact that all
samples show quantum oscillations at low temperatures, indicative of Fermi liquid behavior, the
sample- and temperature-dependence of the interlayer resistivity suggest that these systems are
intrinsically inhomogeneous. It is thought that intrinsic tendency to disorder in the anions and/or
the ethylene groups of the BEDT-TTF molecules leads to the coexistence of insulating and metallic
states at low temperatures; comparison with other charge-transfer salts suggests that this might
be a rather general phenomenon. A notional phase diagram is given for the general family of β′′-
(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts, which exhibits several marked similarities with that of
the κ−(BEDT-TTF)2X superconductors.
PACS numbers: 71.18.+y, 71.20.Rv, 72.15.Gd, 74.10.+v
I. INTRODUCTION
Superconducting charge-transfer salts of the molecule
BEDT-TTF have attracted considerable experimen-
tal and theoretical interest because of their complex
pressure-temperature (P ,T ) phase diagrams, some of
which are superficially similar to those of the “high-
Tc” cuprate superconductors
1,2,3. For example, the su-
perconducting phase in the κ-(BEDT-TTF)2X salts is
in close proximity to an antiferromagnetic insulator4,5,6
and/or Mott insulator7; it is also surrounded by other
unusual states4,5, including what has been termed a
“bad metal”7. Recent magnetisation8, thermal expan-
sion10 and resistivity9 experiments suggest that this “bad
metal” may in fact represent the coexistence of Fermi-
liquid-like and insulating phases. The presence of both
metallic and insulating states at low temperatures is
probably related to progressive freezing-in of disorder
associated with the terminal ethylene-groups of BEDT-
TTF (which can adopt either a “staggered” or “eclipsed”
configuration) and/or with the anions, X10,11,12,13,14.
As yet there is no strong theoretical concurrence on
the mechanism for superconductivity in the BEDT-TTF
salts3,15, with electron-electron interactions, spin fluctua-
tions16, charge fluctuations17 and electron-phonon inter-
actions18 under consideration. It is therefore unclear as
to whether the mixed insulating/metallic phase referred
to above is a prerequisite for or a hindrance to supercon-
ductivity. However, a recent paper has pointed out the
sensitivity of the superconductivity in BEDT-TTF salts
to non-magnetic impurities and disorder, suggesting that
this is evidence for d-wave superconductivity19.
In order to address some of these issues we have stud-
ied a new family of charge-transfer salts of the form
β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y , where M is a
magnetic [Cr3+ (S = 3/2), Fe3+ (S = 5/2)] or non-
magnetic [Ga3+ (S = 0)] ion and Y is a solvent molecule
such as C5H5N (pyridine), C6H5CN (benzonitrile) or
C6H5NO2 (nitrobenzene). Y essentially acts as a tem-
plate molecule, helping to stabilize the structure; its size
and electronegativity affect the unit cell volume, and
the amount of disorder in the system20,21,22,23,24,25. The
unit-cell volume is also affected by changing theM ion in-
side the tris(oxalate) structure21,22,24,25. Furthermore, a
subsidiary motive for varyingM is to search for potential
role for magnetism in the mechanism for superconductiv-
2ity20. In this context, the magnetic charge-transfer salt
λ-(BETS)2FeCl4
26,27 has been found to exhibit a field-
induced superconducting state in fields >∼ 17 T. Whilst
these data appear to be explicable by the Jaccarino-
Peter compensation effect26,28,29, others have suggested
that the Fe ions play some role in the superconducting
state27,30.
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FIG. 1: Magnetic-field dependence of the interplane resistiv-
ity, ρzz for β
′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y samples
containing different Y molecules and transition metal ions
M . Data are shifted vertically for clarity. Salts with (a)
Y=C6H5NO2 or (b) Y = C6H5CN typically exhibit super-
conductivity, negative magnetoresistance and a simple set of
Shubnikov-de Haas oscillations. By contrast, the (c) Y =
C5N5N (pyridine) salt shows no superconductivity, positive
magnetoresistance and a complex series of Shubnikov-de Haas
oscillations; this is entirely typical of the salts containing pyri-
dine.
Although there are many detailed differences
between individual samples, the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts show two distinct
classes of low-temperature behavior, as summarised in
Fig. 1, which shows the interlayer magnetoresistivity
ρzz (see Section II) of three samples at a temperature
T = 0.50 K. Salts with Y = C6H5CN (benzonitrile)
or C6H5NO2 (nitrobenzene) are superconductors
20,23.
At temperatures above the superconducting-to-normal
transition, they tend to exhibit negative magnetore-
sistance, on which is superimposed one or two series
of Shubnikov-de Haas oscillations of relatively low
frequency23. On the other hand, salts with Y =
C5H5N are not superconducting; they exhibit positive
magnetoresistance, and display a complex mixture of
higher-frequency Shubnikov-de Haas oscillations. In this
paper we shall concentrate on the Y = C5N5N salts,
deriving their Fermi-surface parameters and quasipar-
ticle scattering rates; the superconductors with Y =
C6H5CN or C6H5NO2 are described in detail in another
paper23. However, in deriving a general phase diagram
(Section V) we shall discuss the latter superconducting
materials in general terms alongside the Y = C5H5N
salts.
This paper is organised as follows. Experimen-
tal details are given in Section II; relevant struc-
tural details and the behavior of the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N samples on cooling
from room to cryogenic temperatures are given in Sec-
tion III, which also outlines the mechanisms which intro-
duce disorder. Magnetoresistance data are analysed in
Section IV; the Shubnikov-de Haas oscillations suggest
that there are four Fermi-surface pockets, the areas of
which obey the additive relationship expected for a com-
pensated semimetal. The results are discussed in Sec-
tion V; this Section contains a notional phase diagram for
the β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts which
shows the influence of unit cell size and disorder, and
which is compared with an equivalent phase diagram for
the κ−(BEDT-TTF)2X salts. A summary is given in
Section VI.
II. EXPERIMENTAL DETAILS
The β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y samples
were grown using electrocrystallisation techniques as de-
scribed elsewhere20,21,22; they are generally ∼ 1 × 1 ×
0.2 mm3 hexagonal platelets or needles. It is possible
to deduce the upper and lower faces that are parallel to
the highly-conducting quasi-two-dimensional planes by
visual inspection. Electrical contacts were made to these
surfaces by using graphite paint to attach 12 µm plat-
inum wires. The interlayer (magneto)resistance Rzz ∝
ρzz (Ref. 3) was measured using standard four-terminal
ac techniques. This involves driving the current and mea-
suring the voltage between pairs of contacts on the up-
per and lower surfaces3. Magnetoresistance experiments
were carried out in quasistatic fields provided by a su-
perconductive magnet in Oxford and a 33 T Bitter coil
at NHMFL Tallahassee. The crystals were mounted in
a 3He cryostat which allowed rotation to all possible ori-
entations in magnetic field; sample orientation is defined
by the angle θ between the direction of the magnetic
field and the normal to the quasi-two dimensional planes
3TABLE I: Lattice parameters of β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts (C2/c symmetry group)
measured around 120 K.
M/Y a(A˚) b(A˚) c(A˚) β V (A˚3) T (K) Ref.
Ga/C6H5NO2 10.278 19.873 35.043 93.423 7145.2 100
21
Cr/C6H5NO2 10.283 19.917 34.939 93.299 7144.4 150
25
Fe/C6H5NO2 10.273 19.949 35.030 92.969 7169.6 120
25
Cr/C6H5CN 10.240 19.965 34.905 93.69 7121.6 120
24
Fe/C6H5CN 10.232 20.043 34.972 93.25 7157 120
20
Ga/C5H5N 10.258 19.701 34.951 93.366 7051.9 120
21
Fe/C5H5N 10.267 19.845 34.907 93.223 7101.0 150
22
and the azimuthal angle φ. Sample currents between 1
and 25 µA were used at typical frequencies 18-300 Hz.
Although around 20 crystals have been studied, in this
paper we shall focus on two or three typical samples of
each salt; samples are distinguished by the consistent use
of a label (e.g. M = Cr, Sample A).
III. STRUCTURAL CONSIDERATIONS AND
DISORDER IN THE LOW-TEMPERATURE
PHASE
A. Structure and bandfilling
Figure 2 shows a projection of the crystal
structure along the a axis of the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N salts, and Table I
gives the lattice parameters (around 120 K) for all
compounds studied in this paper and in Ref. 23. The
structure consists of alternating BEDT-TTF and anion
layers, the latter containing the metal tris(oxalate)
[M(C2O4)3]
3−, the ion H3O
+ and the solvent molecule,
Y . The molecules in the anion layer lie in a “honey-
comb” arrangement with alternate H3O
+ and metal
oxalates giving an approximately hexagonal network
of cavities in which the solvent molecule Y lies. The
solvent molecule helps to stabilize the structure; the
plane of phenyl ring makes an angle of ≈ 32 − 36◦ to
the plane of the oxalate layer22,24,25. The metal ion
M is octahedrally co-ordinated to the oxalate ligands;
the oxygen atoms on the oxalates are weakly bonded
to the hydrogen atoms on the terminal ethylene groups
of the BEDT-TTF molecules, acting to pull these
together. The BEDT-TTF molecules adopt the β′′
packing arrangement in the ab planes, in which they
form roughly orthogonal stacks. The crystallographic
structure of our compounds is monoclinic (see Table I)
with the (ab) conducting planes at a distance of d = c/2
from each other, as shown in Figure 222.
By far the shortest S-S distances are within the cation
planes, leading to a predominantly two-dimensional
bandstructure20,31. Each BEDT-TTF molecule is ex-
pected to donate half an electron, leaving two holes
per unit cell. Band structure calculations based on the
FIG. 2: Monoclinic crystal structure of β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N projected along the a
axis21.
room temperature crystallographic data suggest these
salts should be compensated semimetals, with a Fermi
surface consisting of quasi-two-dimensional electron and
hole pockets of approximately equal area 31. Although
BEDT-TTF salts and their relatives are frequently com-
pensated semimetals3, the electron-like Fermi-surface
component is often a pair of open sheets; a closed elec-
tron pocket is relatively unusual, but it was found in
β′′-(BEDO-TTF)2ReO4· H2O
32.
The interlayer transfer integrals will be less
straightforward to calculate in the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts; the planes of the
BEDT-TTF molecules in adjacent layers (as well as
those of the anion layers) are twisted with respect to
each other by 62± 2◦, an unusual feature in BEDT-TTF
salts20,24.
B. Disorder mechanisms
The β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts are
prone to structural disorder primarily because the ter-
minal ethylene groups (−CH2CH2−) of the BEDT-
TTF molecules are able to adopt different configura-
tions (twisted/staggered or eclipsed) depending on how
they interact with the anion layer21,22. Moreover, since
C5H5N is smaller than the other templating Y molecules,
it does not fill the whole of the hexagonal cavity. Chang-
ing the solvent molecule from Y = C6H5NO2 to Y =
C5H5N induces additional structural freedom, leading to
disorder in around one quarter of the terminal ethylene
groups21,22. As a result, the ethylene groups are the dom-
inant cause of both static and dynamic disorder at high
temperatures, and static disorder below 90 K, the tem-
perature around which the two different configurations
are “frozen in”21, as found in the κ−phase salts10,11,12.
The C5H5N molecule can also introduce disorder by
adopting two different orientations in the anion layer.
By contrast, the other solvents, Y= C6H5NO2 and Y=
C6H5CN, lock into one ordered configuration
21.
4Having discussed the various mechanisms for disorder,
we shall now examine how disorder is manifested in the
resistivity of the samples.
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FIG. 3: Temperature (T ) dependence of the nor-
malized interplane resistance Rzz(T)/Rzz(286 K)
in zero magnetic field for different samples of
β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N with
(a) M = Ga (sample A) (the inset shows β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y with M = Ga, Y = C6H5NO2
for comparison), (b) M = Cr sample B (the inset shows
M = Cr sample A) and (c) M = Fe (samples A and B). The
arrows indicate the temperatures described in the text.
C. The temperature dependence of the resistivity
The temperature dependence of the normalized in-
terplane resistance, Rzz(T )/Rzz(286 K), for five typi-
cal β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N samples
is shown in Figure 3; for comparison, equivalent data
for M = Ga, Y = C6H5NO2 are displayed in the inset.
Whilst many of the features in the data are quite sample-
or cooling-rate-dependent, all of the samples (M = Ga,
Cr, Fe) are consistent in displaying a transition from
metallic-type behavior (positive dRzz/dT ) to insulating-
type behavior (negative dRzz/dT ) at TMI ≈ 150 K. Val-
ues of TMI are listed in Table II.
The minimum in resistance at TMI may represent the
onset of a possible form of density-wave state. Quasi-
two-dimensional conductors in which the Fermi surface
is completely gapped by a density wave exhibit a re-
sistivity that rises by several orders of magnitude as
the temperature falls, as found for (BEDT-TTF)3Cl2·
2H2O
33). By contrast, the resistance of the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N salts (shown in Fig-
ure 3) only increases by a factor ∼ 1.5 − 3. The lat-
ter behavior is similar to that of quasi-two-dimensional
conductors in which a density wave only partially nests
the Fermi surface, leaving behind residual Fermi-surface
pockets; examples include the Mo bronzes34 and α-
(BEDT-TTF)2KHg(SCN)4
35. In such cases, the con-
ductivity is a convolution of a metallic component, typi-
cally varying as a power-law in temperature (due to the
unnested portions of the Fermi surface) and an insulating
component with an activated temperature dependence
(due to the energy gap of the density-wave state)34. The
exact form of the resistivity depends on which component
dominates. An alternative scenario that could potentially
lead to similar resistivity behavior is the segregation of
the sample into insulating and metallic domains36, as
also proposed for the κ−(BEDT-TTF)2X salts (see Ref. 9
and references therein). In Section IV we shall see that
the Fermi-surface topology is more complicated than that
predicted by the bandstructure calculations, which may
be additional evidence that the transition at TMI is asso-
ciated with the formation of a density-wave.
All of the Y=C5H5N crystals also consistently ex-
hibit a feature at a lower temperature, Tp ≈ 60 − 80 K
(shown in Fig. 3). However, depending on the sample,
this is manifested either as a change from insulating- to
metallic-type behavior (M = Ga, all samples, M = Cr,
sample B, M = Fe sample A), or as merely a shoulder
on a resistivity that continues to increase with decreas-
ing temperature (M = Cr, sample A, M = Fe, sam-
ple B). Such a feature is also indicative of a number
of contributions to the conductivity acting in parallel.
for example, it is possible to reproduce the behavior of
M = Cr sample B between 60 K and TMI using a re-
sistor network model that combines metallic (resistivity
∝ T n, with n ∼ 1 − 2) and thermally-activated compo-
nents ∝ exp(EA/kBT ) (see also Ref. 37). Although the
exact values obtained depend on the details of the resis-
tor network model used, the values of EA obtained from
fitting data between Tp and TMI showed a consistent in-
crease from M = Fe (EA ≈ 170 − 220 K) through M =
Ga (EA ≈ 300 K) to M = Cr (EA ≈ 400 − 500 K), i.e.
the activation energy EA increases with decreasing unit
cell volume (see Table I).
The features discussed thus far do not seem to de-
pend on sample cooling rate. By contrast, in all five
M =Cr samples studied, there is an additional peak in
the resistivity at Td ≈ 200− 270 K, the appearance and
5temperature of which both depend on the sample cool-
ing rate. By contrast, samples with M =Ga, Fe only
exhibit a small inflection at Td. At the lowest temper-
atures, Rzz(T )/Rzz(286 K) values ranging from around
0.5 (M = Fe, sample A) to 7 (M = Cr, sample A) are
obtained (Fig. 3); the actual value reached seems more
dependent on the sample batch rather than the identity
of the M ion (e.g. compare M = Cr samples A and
B). This points to a prominent role for disorder in de-
termining the low-temperature resistive behavior of the
β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N salts.
As T tends to zero, the resistivity of M = Cr sample
B drops quite sharply, although zero resistance is never
attained. A similar drop in resistance for M =Ga below
2 K, which was destroyed by an applied field of 0.16 T,
was previously reported as evidence for superconductiv-
ity21. However, none of the M = Ga samples studied in
the present work exhibited such a feature. This is possi-
bly related to the recent observation that superconduc-
tivity in the BEDT-TTF salts is very sensitive to disorder
and non-magnetic impurities19.
On the other hand, a robust superconducting state
is stabilized below Tc = 7 K for M = Ga and Y =
C6H5NO2 (as shown in the inset of Figure 3(a)) and for
M= Fe and Y= C6H5CN (Figure 1(b) and Ref. 20). For
completeness, note that both of the latter superconduct-
ing salts show a single metal-insulator transition (see in-
set of Figure 3(a)) similar to that observed at TMI in
the Y = C5H5N salts. However, for the superconduct-
ing salts TMI seems somewhat sample dependent; values
ranging from TMI =68 K
23 to TMI ≈ 160− 180 K
21 have
been reported for the M=Ga, Y=C6H5NO2 salt.
To summarise this section, the resistivities of the β′′-
(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N salts exhibit a
complex temperature and sample dependence (Figure 3).
The minimum in Rzz at TMI is an intrinsic feature of all
samples, and, by analogy with resistivity data from other
quasi-two-dimensional systems, probably indicates the
onset of a density-wave state. The form of the resistivity
at temperatures just below this (including the peak at Tp)
suggests metallic and thermally-activated contributions
to the conductivity acting in parallel. At lower temper-
atures, the behavior of the samples is much more diver-
gent, with Rzz(T )/Rzz(286) values spread between 0.5
and 7 indicating an additional thermally-activated pro-
cess (or processes) which is (are) probably dependent on
the degree of disorder within the samples. By contrast,
the temperature-dependent resistivity is rather simpler
for the β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts with
Y= C6H5NO2 and Y= C6H5CN2. The difference may
be attributable to the higher degree of structural dis-
order possible in the Y = C5H5N salts, resulting from
the less constrained ethylene groups and greater rota-
tional freedom of the Y molecule21. Similar electronic
properties determined by the disordered anions (that
lock into two different configurations) were found for
β′′-(BEDT-TTF)2SF2CHFCF2SO3
39, for which resistiv-
ity shows a metal-insulating transition near 190 K, com-
pared with the superconducting compound, β′′-(BEDT-
TTF)2SF2CF2CF2SO3 (Tc = 5.4 K), which has ordered
anions40.
IV. LOW-TEMPERATURE
MAGNETORESISTANCE
A. Shubnikov-de Haas frequencies and
Fermi-surface pockets
Figure 4 shows the field dependence
of Rzz for several samples of β
′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N with M = Ga, Cr
and Fe measured at several temperatures between
0.50 K and 4.2 K. All samples exhibit Shubnikov-de
Haas oscillations superimposed on a positive background
magnetoresistance. Several frequencies are visible
in varying proportions. For example, the dominant
series of oscillations for M = Cr is of relatively low
frequency, whereas the dominant oscillations for M =
Ga, Fe are of a higher frequency. The amplitude of the
oscillations varies slowly with temperature, suggesting
the corresponding effective masses are not very large41.
No clear signature of superconductivity was observed
either in the field, angle or temperature dependence of
Rzz when Y = C5H5N, in contrast to the situation in β
′′-
(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts having differ-
ent solvents [as shown in Fig. 1 and inset of Figure 3(a)].
In order to analyse the Shubnikov-de Haas oscillations,
we define the oscillatory fraction of the magnetoresis-
tance,
∆Rzz
Rbg
=
Rzz −Rbg
Rbg
. (1)
Here Rbg is the slowly-varying background magnetore-
sistance approximated by a polynomial in B. As long as
∆Rzz/Rbg ≪ 1, ∆Rzz/Rbg ≈ −∆σzz/σbg, where the σ
are equivalent terms in the conductivity41,47 (∆σzz/σbg
is the quantity dealt with in the Lifshitz-Kosevich (LK)
treatment of Shubnikov-de Haas oscillations41 used to
extract effective masses and the scattering time of the
quasiparticles). The ∆Rzz/Rbg values were processed
using both the maximum entropy method (MEM) (fil-
ter size = 200)42 and the Fast Fourier transform (FFT)
usually over the field range 7 − 32 T. The two methods
give similar representations of the frequencies present, as
shown in the right panel of Fig. 4.
We identify four frequencies which occur consistently
in all of the transforms over the complete tempera-
ture range (see Figures 4 and 5), and are similar in
all β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N samples
with M = Ga, Cr and Fe. These frequencies are Fα ≈
38 − 50 T, Fβ ≈ 86 − 98 T, Fγ ≈ 293 − 308 T and
Fδ ≈ 345 − 353 T; the ranges cover the values observed
in the different samples (see Table II). In addition, two
other peaks, with frequencies F ′ ≈ 190 − 206 T and
F ′′ ≈ 236− 248 T, were observed less consistently in the
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FIG. 4: Magnetic field dependence of the interplane resistance, Rzz, for β
′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N samples
M = Ga (samples A (a) and B (a’)), M = Cr (samples A (b) and C (b’)) and M = Fe (samples A (c) and B (c’)), recorded
between T = 0.5 − 4.2 K. The right panel [(a”), (b”) and (c”)] corresponds to the maximum entropy method (top solid lines)
and Fast Fourier transform spectra (bottom solid lines) of the oscillatory component of the resistance, [(Rzz−Rbg)/Rbg, where
Rbg is a polynomial fit] over the field range 7-32 T; the transforms correspond to the data from left panel at T = 0.5 K. The
dashed vertical lines indicate the approximate positions of the frequencies discussed in the text.
transforms. The peak at very low frequencies (<∼20 T)
is an artifact of the subtraction of the background mag-
netoresistance; its position and amplitude depends on
whether Rbg was approximated by a second or fourth-
order polynomial in B. In some cases, the peak at fre-
quency Fα is superimposed on the flank of this feature,
making a precise determination of the frequency difficult.
Because of their dependence on temperature (see be-
low), magnetic-field orientation (all frequencies vary as
1/ cos θ, where θ is the angle between the magnetic field
and the normal to the quasi-two-dimensional planes43)
and their consistent appearance in the transforms, we
attribute the Shubnikov-de Haas frequencies Fα, Fβ , Fγ
and Fδ to the extremal orbits about four independent
quasi-two-dimensional Fermi-surface pockets, which we
label α, β, γ and δ. As for the other peaks, we note that
as F ′ ≈ 2Fβ, it is likely to be a second harmonic of the
oscillations due to the β pocket.
The peak seen occasionally in the transforms at a
frequency F ′′ seems likely to result from frequency-
mixing effects and it can be constructed using a vari-
ety of recipes (for example, F ′′ ≈ Fα + 2Fβ, F
′′ ≈
Fγ − Fα, F
′′ ≈ Fδ − Fβ). Such frequency-mixing effects
in quasi-two-dimensional metals are often attributable
to the chemical potential becoming pinned to relatively
sharp Landau levels over restricted regions of magnetic
field (the so-called “chemical potential oscillation effect”
(CPOE))44,45, which, in some cases, very complex mixed
harmonics are generated46. Another possibility which
can generate a difference frequency is the Stark Quan-
tum Interference effect47; this represents “interference”
of two semiclassical Fermi-surface orbits between which
tunnelling can occur. However, the oscillations due to
the Stark Quantum Interference effect are usually char-
acterised by an apparent very light effective mass; that
is, their amplitude varies more slowly with temperature
than that of the oscillations due to the two “parent” or-
bits48. The fact that, when present, the oscillations at
F ′′ are suppressed much more rapidly with increasing
temperature than any of the possible parent frequencies
suggests that CPOE is the more likely explanation49.
At this point, it is worth recalling that the bandstruc-
ture calculations predict only two Fermi-surface pock-
ets, of equal area31, whereas the experimental data sug-
gest four pockets. There are several potential reasons
for this difference. Firstly, whilst extended-Hu¨ckel cal-
culations often give a reasonable qualitative descrip-
tion of the Fermi surfaces of many BEDT-TTF salts3,
the β′′-phases have proved problematic; slight differ-
ences in input parameters seem to result in wildly-
differing predicted topologies (see, for example, the case
of β′′−(BEDT-TTF)2AuBr2
50). Secondly, the band-
structure calculations are based on structural measure-
ments carried out at relatively high temperatures21; con-
traction of the lattice could result in changes in the rel-
ative sizes of the various transfer integrals, leading to
shifts in the bands with respect to the chemical poten-
tial. Finally, the presence of a series of pockets could be
a consequence of a Fermi surface reconstruction deter-
mined by a possible charge-density wave at TMI of the
7β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N salts. Sim-
ilar Fermi-surface reconstructions have been suggested
for other β′′ salts, including β′′-(BEDT-TTF)2AuBr2
(where a plethora of small Fermi surface pockets
results)50, β′′-(BEDO-TTF)2ReO4· H2O
32 and β′′-
(BEDT-TTF)2SF5CH2CF2SO3, where it appears that
the Fermi-surface nesting is more efficient52.
In spite of the larger number of Fermi-surface pock-
ets observed experimentally, there are some similar-
ities with the calculated Fermi surface. First, the
largest experimental pocket, δ, is of a similar cross-
sectional area (≈ 8.5% of the Brillouin cross-section)
to the calculated pockets (8.1% of the Brillouin-zone
cross-section)31. Secondly, as noted above, the β′′-
(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts are expected
to be quasi-two-dimensional compensated semimetals in
which the cross-sectional areas of the hole Fermi-surface
pockets should sum to the same value as the total cross-
sectional area of the electron Fermi-surface pockets. We
note that Fα+Fδ ≈ Fβ+Fγ to reasonable accuracy (Ta-
ble II). This suggests that if α and δ are electron (hole)
pockets, then β and γ will be hole- (electron-) like.
Although the Shubnikov-de Haas oscillation frequen-
cies are generally similar for the three β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N salts, there are detail
differences depending on the ion M . For example, the
Fα frequency of the M = Cr salts is consistently lower
than that of the M = Ga and Fe compounds. The ap-
pearance of the Shubnikov-de Haas oscillations is also
affected by the M ion; the highest frequency oscilla-
tions (Fδ) dominate the spectra of the compounds with
M = Ga and Fe, whereas that of the compounds with
M = Cr is dominated by the low frequency, Fα (see
Figures 4 and 5). This may be related to relatively
small differences in the scattering mechanisms, rather
than some intrinsic effect of the Cr3+ ion. Examples of
similar effects were observed in magnetoresistance data
for the low-field, low-temperature phases of α-(BEDT-
TTF)2KHg(SCN)4and α-(BEDT-TTF)2TlHg(SCN)4
53.
The relative amplitudes of the various Shubnikov-de Haas
oscillation series vary from sample to sample, and batch
to batch, with some series being undetectable in what
is presumed to be the lower-quality samples, whilst be-
ing relatively strong in other crystals (see Sections 1
and 5 of Ref. 53 and references cited therein). A sec-
ond example is β′′−(BEDT-TTF)2AuBr2 for which com-
parison of the magnetic-quantum oscillation data from
Refs. 50,54,55,56 shows that the relative amplitudes of
the lower and higher-frequency oscillation series varies
considerably from sample to sample.
For completeness, we mention that the superconduct-
ing salts, Y = C6H5NO2 with M = Ga and Cr and Y =
C6H5CN with M = Fe show only two frequencies, with
the low frequency in the range 47 − 55 T and the high
frequency in the range 190− 238 T23.
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FIG. 5: Fast Fourier transforms of Shubnikov-
de Haas oscillations for samples of β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N. (a) M = Ga (B),
(b)M = Cr (A) and (c)M = Fe recorded between T = 0.5 K
and T = 4.2 K.
B. Effective masses and Dingle temperatures
A two-dimensional Lifshitz-Kosevich formula57 has
been used to extract the effective masses m∗ of the var-
ious Fermi-surface pockets, where possible. The Fourier
amplitude of each series of quantum oscillations is given
by
A2D ∝ RTRDRS , (2)
where RT =
X
sinh(X) is the temperature damping term,
RD = exp
(
−X TDT
)
is the Dingle term (TD is the Dingle
8temperature) due to the broadening of the Landau levels
caused by internal inhomogeneities andX = 14.694 TB
m∗
me
.
The spin-splitting term RS =
∣∣∣cos
(
pi
2
g∗m∗/me
cos(θ)
)∣∣∣,
where g∗ is the effective g-factor, but is not considered
here and it will be the subject of a future publication43.
The Fourier amplitudes obtained over a field window
7 − 32 T were fitted to the RT term of Eqn. 2, using
around 8 different temperatures covering the range 0.5−
4.2 K (for consistency, a polynomial of the same order
was used to subtract the background magnetoresistance
for each sample). Figure 6 shows typical amplitudes and
corresponding fits for the Fδ series. All of the m
∗ values
obtained for the different Fermi-surface pockets are listed
in Table II.
To the limit of experimental error the effective masses
for the γ and δ pockets of the three salts are close
to the free-electron mass, me. Whilst such values
are light compared to the typical masses observed
in β′′-(BEDT-TTF)2SF5CH2CF2SO3
52 or the κ− and
α−phase BEDT-TTF salts47, they are not without prece-
dent in charge-transfer salts32,33. The effective masses of
the α−pocket are somewhat smaller for the M = Cr and
Fe salts (m∗ ≈ me/2); however, in the case of the M =
Ga salt, the α effective mass seems rather larger. Apart
from this, there is yet no evidence that the magnetic mo-
ment on the 3d ions M = Cr and Fe has any effect on
the effective masses. This is in contrast to the study on
κ-(BETS)2FeCl4, where it was proposed that spin fluctu-
ation effects enhanced the effective mass58. On the other
hand, the effective mass in λ-(BETS)2FexGa1−x Cl4 is
not very much affected by the presence of the magnetic
ions but it is much larger than that in our compounds
(≈ 4me
29).
A further insight into the properties of our samples is
given by the Dingle temperature, TD, which can be used
to parameterise the scattering rate19,41, the spatial po-
tential fluctuations or a combination of the two9,19. The
TD values for the δ pocket are listed in Table II; typical
fits are shown in Fig. 6(b). Note that TD is consistently
larger for the compounds with M =Fe (TD ≈ 4 K, cor-
responding to a scattering time of τ ≈ 0.3 ps) and is
smaller for the salts with M =Cr (TD ≈ 1.5 K, corre-
sponding to τ ≈ 0.8 ps). This difference is visible even in
the raw data, with fewer oscillations being visible for the
M =Fe salt. As both compounds contain magnetic ions,
some form of magnetic scattering (such as spin-disorder
scattering59) may be excluded as the reason for these dif-
ferences; it is more likely to be related to the degree of
nonmagnetic disorder present, determined by the anions
and the solvent.
Interestingly, there is no apparent correlation between
the values of Rzz(T )/Rzz(286 K) (see Figure 3) and the
Dingle temperatures for each sample (Table II). For ex-
ample, the sample with the largestRzz(T )/Rzz(286 K)(≈
7) (M = Cr, sample A) has a TD which is a factor
2.2 smaller than that of the sample with the smallest
Rzz(T )/Rzz(286 K)(≈ 0.5) (M = Fe, sample A). The
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FIG. 6: (a) Temperature dependence of the Fourier
amplitude of the Fδ frequency in β
′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N for different M . The
solid line is a fit to the data (points) using the RT term of
Eq. 2 (solid line). The field window was ∆B = 7 − 32 T for
the samples with M = Cr (sample A) and M = Fe (sample
A) and ∆B = 12 − 32 T for the sample with M = Ga
(sample A). Data for different M are offset for clarity. (b)
The corresponding Dingle plots (ln[A2D sinh(X)/X] versus
1/B, where X = 14.695 m∗T/B) for the Fδ frequency at
T ≈ 0.5 K. The solid line is a linear fit to the data (points).
The field windows overlapped by less than ≈ 30%.
Dingle temperatures extracted from Shubnikov-de Haas
oscillations suggest that M = Cr sample A is of higher
quality, whereas M = Fe sample A has the lower resis-
tivity ratio. This strongly suggests that the samples are
not of a uniform single phase at the lowest temperatures
but their overall properties probably represent a mixture
of metallic and insulating domains. Within this mixture,
the metallic domains may well be of quite high quality,
as evidenced by the observation of Shubnikov-de Haas
oscillations with a reasonably small Dingle temperature.
Further support for such an idea is given by com-
paring the values of Rzz(10 K)/Rzz(286 K)∼ 0.5 − 7
seen in Fig. 3 with Rzz(10 K)/Rzz(286 K)∼ 0.001 ob-
9TABLE II: Parameters associated with the bandstructure of β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N for magnetic fields
perpendicular to the highly-conducting quasi-two-dimensional planes. Values for several samples with different M are given.
The F are Shubnikov-de Haas frequencies, the subscripts α etc. identifying the associated Fermi-surface pocket; the m∗ are
corresponding effective masses. TDδ is the Dingle temperature for Fδ, and TMI is the metal-insulator transition temperature
identified in Fig. 3.
Parameters M =Ga(A) M =Ga(B) M =Ga(C) M =Cr(A) M =Cr(B) M =Cr (L) M =Fe(A) M =Fe(B)
Fα (T) 48 50 49 39 38 40 45 45
Fβ (T) 89 85 92 95 95 98 94 92
F ′ (T) 205 – – 190 190 195 – –
F ′′ (T) 247 240 235 – – 243 243 –
Fγ (T) 292 296 297 296 286 305 307 305
Fδ (T) 344 345 346 344 343 357 346 344
m∗α(me) – 1.9 ± 0.3 1.3 ± 0.2 0.56 ± 0.05 0.54 ± 0.05 0.5 ± 0.1 0.8± 0.1 0.6± 0.1
m∗β(me) 0.56 ± 0.05 0.51 ± 0.05 0.62 ± 0.05 0.63 ± 0.05 0.62 ± 0.05 – 0.68± 0.05 0.76± 0.05
m∗γ(me) 0.7± 0.1 1.01 ± 0.05 1.09 ± 0.05 – – – – –
m∗δ(me) 0.98 ± 0.05 0.95 ± 0.05 0.93 ± 0.05 1.04 ± 0.05 0.98 ± 0.05 0.9 ± 0.1 0.9± 0.1 1.1± 0.1
TDδ (K) 2.7± 0.1 2.3 ± 0.2 1.7 ± 0.2 1.8± 0.1 1.4± 0.2 2.5 ± 0.5 4± 0.5 4.2± 0.1
TMI(K) 138± 2 – - 142± 1 – 120± 20 150± 2 153± 2
tained for the unambiguously metallic salt β−(BEDT-
TTF)2I3
38. This great disparity is an indication that
a large fraction of the quasiparticles in the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N salts that are mobile at
room temperature do not contribute to the bulk conduc-
tivity at low temperatures. This loss of charge-carriers
is presumably be related to the suggested density-wave
transition at TMI (which perhaps gaps part of the Fermi
surface) and to the subsequent “freezing out” of further
quasiparticles (suggested by the negative dRzz/dT val-
ues seen for several of the samples as shown in Figure 3)
caused by disorder at lower temperatures.
V. DISCUSSION: PROPOSED PHASE
DIAGRAM
The previous sections have described
the transport properties of β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·C5H5N salts exhibiting a
metal-insulator transition at TMI (probably associated
with a density-wave state) and Shubnikov-de Haas oscil-
lations at lower temperatures, indicative of a reasonably
good metal. However, depending on the sample batch,
the overall resistivity can be much greater than that
at room temperature; the most likely explanation is
that the sample consists of a mixture of metallic and
insulating domains. The tendency for a particular
region of the sample to remain metallic or become
insulating may be linked to particular configurations
of the anion and/or ethylene groups possible in the
β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·C5H5N salts (see
the discussion of intrinsic disorder in Section III).
These findings are summarised in Figure 7(a), which
shows a notional phase diagram for all of the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts as a function of “chem-
ical pressure” (= −∆V/V ), i.e. the fractional differ-
ence in unit-cell volume of a particular salt from that
of the M = Fe, Y = C6H5NO2 compound, which has
the largest unit cell. For comparison, Figure 7(7) shows
an analogous diagram for the κ−(BEDT-TTF)2X salts
(after Ref. 9 based on Refs. 4,8,10). There are a num-
ber of quite striking similarities between the two phase
diagrams.
1. The superconductivity is suppressed by the re-
duction in volume of the unit cell. The
suppression of superconductivity is accompa-
nied by the increasingly “metallic” character of
both families of materials; in the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts, this is evidenced
by the increase in the number and size of Fermi-
surface pockets observed (two for Y = C6H5NO2,
C6H5CN, four, generally larger ones for Y =
C5H5N); in the κ-(BEDT-TTF)2X salts this shows
up as an increase in the Shubnikov-de Haas oscilla-
tion frequencies and the low-frequency optical con-
ductivity3. This trend is confirmed by hydrostatic
pressure measurements of the superconducting
β”-BEDT-TTF4[(H3O)Ga(C2O4)3]·Y salts, which
showed that the superconductivity is destroyed and
the number of Fermi-surface pockets increased by
increasing pressure60.
2. As the chemical pressure increases, the suggested
density-wave transitions (which occurs at TMI
in the β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts
and at T ∗ in the κ−(BEDT-TTF)2X compounds)
increases in temperature, at least initially. In this
context, recall that the characteristic activation en-
ergy EA (Section III) also increases with chemical
pressure.
3. In both families, the superconducting state is sur-
rounded by regions in which metallic and insulating
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FIG. 7: (a) Notional phase diagram of the β′′-(BEDT-
TTF)4[(H3O)M(C2O4)3]·Y salts, using data from the cur-
rent paper and from Ref. [23]. Solid circles correspond to the
superconducting critical temperature, Tc, open circles rep-
resent the metal-insulator transition, TMI. The other tem-
peratures, Tp and Td, are described in the text. Differ-
ent phases are: SC=superconducting, DW-density wave, M-
metallic, PM-paramagnetic metallic and I-insulating phase.
The solid and dashed lines are guides to the eye. (b)
Phase diagram of κ-(BEDT-TTF)2X including boundaries
suggested by recent data “Notional pressure” combines chem-
ical pressure caused by changing anion X and applied hy-
drostatic pressure; “0” is ambient pressure for κ-(BEDT-
TTF)2Cu[N(CN)2]Cl; the vertical lines are the ambient
pressure positions of deuterated (left) and undeuterated
(right) κ-(BEDT-TTF)2Cu(NCS)2(after Ref. [9] based on
Refs. [4,8,10]).
behavior coexist “PM+DW” phase (in the κ-phase
salts after Ref.8).
The β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts seem
to emphasise two emerging themes in the physics of or-
ganic (super)conductors. Firstly, there have been a num-
ber of recent instances in which very high sample resis-
tivity and phenomena indicative of quasiparticle locali-
sation (e.g. Anderson localisation61) and/or disorder62
coexist with effects normally associated with “good met-
als”, such as Shubnikov-de Haas oscillations63 or even
superconductivity61. Secondly, there is experimental ev-
idence that the precursor to superconductivity may in-
volve the coexistence of metallic and density-wave-like
states (for example β′′-(BEDT-TTF)2SF5CH2CF2SO3
52
or It has been suggested in the case of the κ−phase salts9
that these phases exist in distinct “domains” or regions
of the sample, the behavior of a particular domain being
determined by local structural arrangements.
Finally, recent theoretical work has emphasised the
role of disorder in the suppression of superconductiv-
ity in (BEDT-TTF) salts. Often a measure of this dis-
order is derived from Shubnikov-de Haas-oscillation or
cyclotron-resonance data19. The resistivity data indicate
that disorder makes some regions of the samples prone to
localisation and these regions contribute little to the low-
temperature conductivity. Other regions remain metal-
lic and exhibit Shubnikov-de Haas oscillations, indicative
of reasonably long scattering times and mean-free paths
∼ 300 A˚ and hence low disorder. Thus it is important
to emphasise that Shubnikov-de Haas and cyclotron res-
onance data are only informative about the disorder in
the metallic regions of a sample (see also Ref. 9).
VI. SUMMARY
In conclusion we have studied the Fermi-surface topol-
ogy of β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y , (with
M = Ga, Cr, Fe and Y =C5H5N). All of the studied
salts exhibit similar Shubnikov-de Haas-oscillation spec-
tra, which we attribute to four quasi-two-dimensional
Fermi-surface pockets. The cross-sectional areas of the
pockets are in agreement with the expectations for a
compensated semimetal, and the corresponding effective
masses are ∼ me, rather small compared to those of other
BEDT-TTF salts. Apart from the case of the smallest
Fermi-surface pocket, varying the M ion seems to have
little effect on the overall Fermi-surface topology or on
the effective masses.
Despite the fact that all samples show quantum os-
cillations at low temperatures, indicative of Fermi liq-
uid behavior, the sample- and temperature-dependence
of the interlayer resistivity lead us to suggest that these
systems are intrinsically inhomogeneous. It is thought
that intrinsic tendency to disorder in the anions and/or
the ethylene groups of the BEDT-TTF molecules leads
to phase separation of the samples into insulating and
metallic states.
11
Based on the data in this paper, and those from
Ref. 23, we have constructed a notional phase diagram for
the β′′-(BEDT-TTF)4[(H3O)M(C2O4)3]·Y salts which
exhibits several similarities with that of the κ−(BEDT-
TTF)2X superconductors, and which could have larger
implications for other charge-transfer salts.
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